Switched power electronic subsystems are widely used in various applications. A fault in one of their components may have a significant effect on the system's load or may even cause a damage. Therefore, it is important to detect and isolate faults and to report true faults to a supervisory system in order to avoid malfunction of or damage to a load. If, in a model-based approach to fault detection and isolation of hybrid systems, switching devices are considered as ideal switches then some equations must be reformulated whenever some devices have switched.
Introduction
Power electronic converters are used for various applications such as DC power supplies for electronic equipment, various kinds of converters, e.g. buck-or bust-converters, battery chargers, motor drives, or high voltage direct current transmission systems [1] . They are build by means of switching devices such as diodes, transistors and thyristors. In circuit simulation, e.g. by means of the programme Spice, sophisticated models are used for these devices. In hybrid system simulation, they are modelled as ideal or non-ideal switches.
As to the modelling, the bond graph approach has the advantage that is allows for a uniform description of systems composed of subsystems from various energy domains. For instance, a power converter, a motor, a clutch and the mechanical load can be uniformly represented. As bond graph modelling is based on the exchange and possible transformation of energy, which are continuous time processes, applications of the bond graph methodology were initially limited to continuous time systems. However, during the past two decades, various approaches have been reported in the literature to extend the bond graph methodology to hybrid systems. The focus has been mainly on the simulation of the dynamic behaviour. A survey may be found in [2] , Chapter 7. Only recently, bond graph modelling has been used also for hybrid system fault diagnosis [3] [4] [5] [6] [7] . Among the various proposals to model switching devices in a bond graph framework, one approach introduced by Dauphin-Tanguy and her co-workers [8] is to model them as non-ideal switches and to approximate the nonlinear flow versus effort characteristic by a piecewise linear one. The bond graph representation is a linear resistor accounting for the ON-resistance in fixed conductance causality connected to a modulated transformer MTF controlled by a signal m(t) ∈ {0, 1} ∀ t ≥ 0.
Methodology
This bond graph representation of switched devices has been used by this author for a bond graph-based approach to fault detection and isolation (FDI) in hybrid systems [4] . Advantages are that computational causalities do not need to be partly reassigned after some switches have changed their state. That is, in addition to a single set of equations of motions, a single set of Analytical Redundancy Relations (ARRs) for FDI can be derived from a causally completed bond graph. Both sets of equations encompassing transformer moduli of the switches hold for all system modes of operation. The system model may contain a large number of switches. They are all taken into account by transformer moduli in the equations of motion and in the ARRs. The fixed conductance causality of the ON-resistor of a switch accounting for the usual flow versus effort characteristic of electrical diodes or hydraulic check valves may entail the need to add to (parasitic) storage elements in order to resolve causality conflicts at some junctions. However, their parameter may be set to zero during either manual or symbolic reformulation of equations derived from the bond graph so that stiff ordinary differential equations (ODEs) can be avoided. However, setting storage element parameters to zero leads to algebraic equations so that a set of differential algebraic equations is obtained with a system mode dependent number of state variables as some storage elements may become dependent switches close [3] . As the flow versus effort characteristic of the switches is approximated by a piecewise linear one, the resulting DAE system is of the form of a semi-explicit linear system in which values of matrix coefficients depend on switch states. For its numerical solution a solver such as IDA may be used which can compute a set of consistent initial conditions from a user's guess for semi-explicit index-one systems [9] . Moreoever, as the model equations are a set of hybrid DAEs, the numerical solver must be able to detect discrete events, determine their time instant and to restart the integration with new proper initial conditions. ARRs relate known system inputs, 'measured' outputs and known system parameters. Their numerical evaluation should result in residuals with reasonable small bounds around zero. If a residual exceeds these bounds then this is an indication that a fault has happened. In an off-line simulation, the real process can be replaced by a behavioural model of the faulty process coupled to a model of the non-faulty system by means of residual sinks [2] . The residuals indicating faults are components of the descriptor vector of the DAE system of the coupled processes.
For illustration, in this paper, the briefly outlined bond-graph-based approach to FDI of hybrid systems is applied in a case study to an uncontrolled widely used three phase full bridge rectifier. As failures of switching devices in power electronic systems are not uncommon [10] and may have a significant effect on the system's load or may even cause damage, the purpose of the study is to show the impact of faults in the full bridge rectifier on its output. Fig. 1 shows a circuit schematic of an uncontrolled three phase full bridge rectifier with ac-side inductances, a capacitor on the dc-side, a resistive load, and sensors for the line currents and the load voltage as it is used. e.g. for battery charger applications [11] . Fig. 2 displays a diagnostic bond graph of the rectifier with flow sensors Df for the line currents and an effort De sensor for the load voltage. In a diagnostic bond graph, these sensors have inverted causality because they deliver known inputs into the bond graph model that either have been obtained by measurements of the real systems or computing a behavioural model of the real system. Accordingly, the I-elements of the phase lines are in derivative causality as well as the load capacitor. The C-elements in integral causality have been added to resolve the causal conflicts at the junctions 0 a , 0 b , 0 c , 0 n because the output of the switches is a flow. Setting their capacitance to zero turns their ODE into algebraic equation. The submodel of the diodes is denoted by Sw. It can be a detailed model as long as the current is the output, or resistor in fixed conductance causality that is switched on and off by means of an MTF (Fig. 3) .
Three Phase Full Bridge Rectifier
Let Figure 3 . Bond graph of the non-ideal switch model Sw representing a diode effort relation of the diodes. Then the following equations can be derived from the bond graph by summing efforts and flows respectively at the designated junctions.
As the nonlinear flow versus effort characteristic of the diode is approximated by a piecewise linear one, g j () is given by the following two equations
where step() denotes the unit step function and V s the knee voltage of the diodes. Given that the line currents i a , i b , i c and the load voltage u d are measured, then (1)-(4) relate known quantities but also include unknown voltages u a , u b , u c determined by (6)- (8) . As the latter equations are nonlinear, they cannot be solved symbolically for the unknowns. That is, in this example, the ARRs cannot be obtained in symbolic form. However, (6)-(8) can be solved numerically for their unknown and the numerical results can be inserted in (1)- (4) . Note that, if the diagnostic bond graph model is connected to a real process and its evaluation takes place online, the line currents and the load voltage are provided Figure 1 . Circuit diagram of a three phase full bridge rectifier with ac-side inductances, a dc-side capacitor and a resistive load Table 1 . Structural fault signature matrix of the three phase rectifier
by measurements from the real process. Their differentiation with respect to time in (1)-(4) must be performed in discrete time. This means that measurement uncertainties, noise, and the sampling time affect the numerical computation of the ARRs.
Observing (4)- (8), the structural information of (1)-(4) can be expressed by the structural fault signature matrix (FSM) in Table 1 .
The components contributing to the ARR residuals can also be identified by following causal paths in the diagnostic bond graph (Fig. 2 ) from a sensor element in inverse causality into the bond graph and back to it. For instance, there is a causal path from and back to the flow detector Df : i a .
That is, residual r a depends on diode D 1 . Likewise, a causal path shows that it also depends on diode D 4 . 
There are further causal paths showing that r d also depends on the remaining four diodes. Note that the residuals do not depend on the auxiliary capacitors as their parameter is set to zero. Furthermore, as the set of ARRs is not unique, other causal paths between detectors in inverse causality can be identified.
Finally, it is assumed that the sensors for the line currents, the line voltages and the output voltage are faultless. Therefore, their rows have been removed from the FSM.
Fault Scenarios

Healthy System
First, the dynamic behaviour of the healthy system is considered. The DAE system derived from the diagnostic bond graph in Fig. 2 has been formulated as a Scilab [12] script and computed by means of the dassl solver [13] . The parameters of the system are given in Table 2 . Another way is to formulate the DAE system in the modelling language Modelica and to have the compiler Modelicac generate an implicit Scicos block [14] and to perform the simulation by means of Scilab toolbox Scicos [15] . Scicos uses the solver DASKR [16] . Fig. 4 shows the waveforms of line voltages u a , u b , u c and the load voltage u d . As to be expected for a full-wave rectification, the maximum value of the latter is √ 3E ≈ 1.73×100 V . Fig. 5 depicts the waveform of the scaled current i d (cf. Fig. 1 ). The waveforms of the scaled current i 4 through diode D 4 and the output voltage u d are displayed in Fig. 6 .
For the sake of simplicity, in the following, the single fault hypothesis is adopted. In case of multiple simultaneous faults, parameter estimation by means of least square optimisation may be applied for fault isolation [17] .
Fault Scenario 1: Diode 4 is permanently OFF as of some time instant
In this scenario, an open-circuit fault is considered. It is assumed that diode D 4 is no longer conducting for t > t 2 = 0.02 s. Fig. 7 shows the impact of this failure on the output voltage u d and that the diode, in fact, is no more conducting for t > 0.02 s. The names of faulty quantities carry a tilde. In figures, this is expressed by preceding a name by the letter 't'. in Fig. 9 . The residual sinks rSe and rSf supply an effort r a , r b , r c , or a flow r d respectively into the healthy system model such that their input vanishes and force the healthy system to behave as the faulty one. The outputs of the residual sinks are the ARR residuals to be determined. Fig. 10 displays the faulty output voltageũ d , the faulty diode currentĩ 4 and the residual r a . Fig. 10 clearly shows that the faulty diode current i 4 vanishes for t > 0.02 s. During the time intervals, in which the faulty diode should conduct, its failure is indicated by residual r a . Of course, during those intervals, in which the faulty diode is expected to be OFF, its failure is not detected. According to the structural FSM, a faulty diode D 4 affects residuals r a and r d . However, the impact on r d is negligible (cf. Fig. 11 . That is, this fault can be isolated.
Fault Scenario 2: Diode 4 is permanently ON as of some time instant
In the second fault scenario, a short-circuit fault is considered. It is assumed that diode D 4 is permanently conducting for t > t 2 = 0.02 s and that its resistance is 1.2Ω. Fig. 12 displays the diode current i 4 in the healthy system and the diode currentĩ 4 in the faulty system. As the two currents are identical for certain periods of time, the current i 4 has been scaled to better distinguish it from the faulty one. Fig. 13 shows the impact of this fault on the output voltage u d , the residual r a and the faulty diode currentĩ 4 . As of t = 0.02 s residual r a is far beyond a small bound around zero whenever the diode should be OFF blocking negative currents. That is, r a clearly indicates this failure. According to the FSM, a faulty diode D 4 also affects residual r d . This is confirmed by Fig. 14. It is interesting to note that the short-circuit fault of diode D 4 does affect the output voltage u d less than an open-circuit fault.
Conclusion
By application to a three-phase full wave rectifier, it has been demonstrated that a fixed causality bond graph ap- proach can beyond continuous time systems also well be used for a fault diagnosis of switched power electronic systems. Advantages of this approach are that the standard SCAP can be used and that ARRs holding for all system modes of operation can be derived from the bond graph. The system model may contain many switches. For larger systems, ARRs can be derived by means of existing software such as SYMBOLS [18] . In an offline simulation, ARR residuals can be numerically computed as components of the descriptor vector of a DAE system by means of available appropriate solvers. That is, there is no need to eliminate unknown variables from ARRs to have them in symbolical form given nonlinear constitutive element equations do permit such an elimination process. As a piecewise linear approximation is used for the characteristic of switches, the resulting DAE system is of semi-explicit linear form.
The case study in this paper may be extended by connecting the three-phase rectifier model with the models of a DC motor and its mechanical load and by studying the effects of faults in the rectifier or unbalanced sources on the motor and the dynamic behaviour of its mechanical load. A feature of bond graphs is that they enable a uniform model representation across energy domains. Furthermore, instead of the three-phase rectifier different kinds of power converters may be considered. 
